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ABSTRACT
Quantifying the Dynamics of an Idealized Oil-Plume in Stratified Environment using
Direct Numerical Simulations
by
Jasmin Ahmed, Master of Science
Utah State University, 2022
Major Professor: Som Dutta, Ph.D.
Department: Mechanical and Aerospace Engineering
Deep-water oil spills, e.g. Gulf of Mexico 2010, are devastating for the environment.
Understanding the dynamics of the oil plumes generated during these spills is important
for mitigating the damage caused during the event. Dynamics of oil plumes have been
studied across scales using different models, but often these simulations do not resolve all
the pertinent physics, leading to incomplete understanding of the phenomena. The present
study uses high-fidelity numerical simulations to examine a buoyant oil plume, and the
turbulent mixing associated with its evolution. This approach utilizes turbulence resolving
numerical simulations to analyze plumes containing multiple buoyancy sources. The two
fluid mixture model is used to model the oil-water system where oil is slipping relative to
water due to small difference in density. Velocity fields of the mixture are solved along with
it’s density to track the growth and evolution of the turbulent plume over time using the
Eulerian approach. Besides a fraction of oil, a non slipping water phase is also modeled
and coupled to the continuity and momentum equations. The system of equations are nondimensionalized using buoyancy frequency and inlet buoyancy flux. The open-source highorder spectral element method (SEM) based Navier-Sotkes solver NEK5000 has been used to
solve the transport equations. DNS was conducted using around 36 million computational
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points, which is higher than the number of points previously used for conducting DNS of
buoyancy-driven plumes at similar Reynolds number. The study reveals that, the presence
of slipping oil increases the height above the intrusion level compared to the thermal plume.
The growth/evolution of the active oil plume has been analyzed compared to the thermal
case. The active oil as a source buoyancy is responsible for the the increased thickness of
lateral intrusion layers, and the overall increase in the growth rate compared to the passive
oil plume. The analysis of results from numerical simulation and comparing with previous
studies sufficiently express the effect of slip velocity on turbulent flow under stratification.
(64 pages)
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PUBLIC ABSTRACT
Quantifying the Dynamics of an Idealized Oil-Plume in Stratified Environment using
Direct Numerical Simulations
Jasmin Ahmed
Deep-water oil spills such as the incident in the northern Gulf of Mexico 2010, produce
turbulent oil plumes. Multiphase turbulent plumes under stratification are simulated to
understand the dynamics of oil plume in oceanic environment. The evolution of the plume
is strongly affected by the level of turbulent mixing during the rise of oil through the stratified
water. The relative velocity due to the difference in density between oil and water causes
slip of oil in water. The plume has been modeled as a two fluid mixture-model, which allows
the use of one continuity and momentum equation for the oil-water mixture. The system of
equations are non-dimensionalized by utilizing stratification and buoyancy parameters. The
non-dimensional transport equations are solved using spectral element based Navier-Stokes
solver NEK5000. Results from Direct Numerical Simulation are analyzed and compared
with previous studies to understand the effect of oil slipping in turbulent plume under
stratification.
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CHAPTER 1
INTRODUCTION

In 2010, the blowout of Deepwater Horizon (DwH) drilling platform in the Gulf of
Mexico is the largest oil spill in history (Graham et al., 2011). The explosion resulted in
formation of large subsurface intrusions of spilled oil, dissolved hydrocarbons and response
byproducts (Camilli et al., 2010). The generated multiphase plumes from the incident
demonstrated a wide range of complex physical, chemical and biological processes that affect dispersion of hydrocarbons released from a subsea blowout (Testa et al., 2016). The
rapid rate of hydrocarbon discharge led to dispersion of oil into droplets, facilitating the
formation of deep-water plumes enriched in oil, dissolved gas, and gas hydrate at depths
between 900 and 1200 m (Camilli et al., 2010; Kessler et al., 2011; Valentine et al., 2010).
Oxygen anomalies in deep-water plumes were quantified (Joye, 2015) to understand the
complex mechanisms, regulation and the potential fate of oil and gas. Du and Kessler
(2012) estimated the rate of hydrocarbon biodegradation by tracking oxygen anomalies in
the deepwater. They calculated that, approximately 280,000 metric tons of hydrocarbons
were oxidized in DwH blowout. Studies done by Joye (2015) and Joye et al. (2016) reported
that, the fate of roughly 50% of the discharged hydrocarbon can be attributed to biological oxidation (28% − 34%) or sedimentation to the benthos (2% − 15%). Only 25% was
recovered from the broken riser pipe whereas 25% − 40% of the discharged oil and gas were
unaccounted in the hydrocarbon budget as shown in Fig. 1.1. Either Gulf waters contained
these unaccounted hydrocarbon at an unacceptable level or they might have been respired
in the upper regions of the ocean and deposited on coastal marshes or beaches (Joye, 2015).
Furthermore, DwH oil spill was atomized rapidly by injecting chemical dispersants at the
well head to enhance fine oil droplet formation. This accordingly reduced droplet rise velocity and affected the volume of oil that reached the surface. As a result, extremely large and
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Fig. 1.1: Oil (brown circles) and gas (green circles) distribution during DwH blowout. Dispersant addition is noted by red circles. Oil that may have deposited in beaches and coastal
marshes is not accounted in the figure (Joye, 2015)
long sustained buoyancy anomaly complicated the well head convection problem (Hu et al.,
2017; Socolofsky et al., 2011; Testa et al., 2016). Therefore simulation of buoyancy driven
oil plumes in oceanic environment will provide much insight into plume fate and undersea
pollutant transport.
A Buoyant plume rises through stratified ambient denser fluid (e.g., seawater) until its
(increasing) density matches ambient conditions. The phases in buoyant plume mix with
stratified ambient fluid during entrainment (Socolofsky et al., 2011). The vertical motion
of plume is produced by a density contrast between source fluid and its environment under
gravity. The density discrepancy is primarily due to temperature gradient caused by strat-
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ified ambient fluid. In stratified environment, ambient fluid (e.g., sea water) is trapped by
a buoyant plume due to stratification or deflected by ambient currents (Socolofsky et al.,
2011). Therefore, the evolution of plume has been categorized with the buoyancy sources
present in the plume. In case of single phase plumes, contribution to the buoyancy force is
from temperature gradients in the continuous phase (thermal). On the other hand, buoyancy force comes from dispersed phases (bubbles/liquid droplets), or by a combination of
both thermal and dispersed phases in the multiphase plumes. For purely bubble plumes, the
inlet buoyancy flux is completely from bubbles, whereas for purely oil plumes it is entirely
from oil. By combining bubbles or liquid droplets with the thermal plume, a hybrid plume
can also be formed (Fabregat et al., 2015). A characterizing feature of multiphase plumes
with respect to single phase plumes (e.g., wastewater plumes) is the isolation potentiality
between dispersed phases (e. g., gas bubbles, liquid droplets, or solid particles) and continuous phases (i.e, entrained ambient fluid). The separation of two phases starts at the level
of neutral buoyancy in stratified environment (Socolofsky and Adams, 2003, 2005). Numerous industrial, environmental and geo-physical applications are focused on multiphase
buoyant plumes including hydrothermal vents, liquid CO2 plumes for deep-ocean carbon
sequestration, aeration columns, smokestacks, volcanos, large scale environmental aeration
etc (Fabregat Tomàs et al., 2017). The relationship between spreading, entrainment and
mixing of the plume with ambient fluids plays a significant role for turbulent transport of
pollutants with heat. Geo-physical and industrial plumes can be controlled by better understanding this complex phenomena (Chen and MacDonald, 2006; Fabregat Tomàs et al.,
2016a). A wide range of buoyancy driven multiphase plumes form due to both manmade
and natural reasons in engineered and environmental systems (Dissanayake et al., 2018).
There are several important parameters to describe multiphase plumes in stratified
environment as depicted in Fig. 1.2 (Socolofsky et al., 2011). These include the peeling
height (hp ), trapping height (hT ), intrusion layer and slip velocity. The plume peeling
height is the maximum height where the excess momentum of the entrained fluid vanishes.
The plume trap height corresponds to the final average height of the intrusion (Socolofsky
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Fig. 1.2: Multiphase plume exposed to pure stratification. Taken from Socolofsky et al.
(2011)
and Adams, 2005). An intrusion layer is formed due to the stratified nature of the ocean
where the oil/seawater mixture starts to travel radially. The entrained fluid and the smaller
droplets detrain or separate from the rising plume and become trapped at a level of neutral
buoyancy. Moreover, multiple intrusions can also be observed at the top of first peeling
height due to turbulence properties (Fabregat Tomàs et al., 2016a).
The independent parameters used for characterizing a multiphase plume are the total
inlet buoyancy flux (B0 ) of the plume and the stratification frequency (N ) of the background
environment. The inlet buoyancy flux is defined by, B0 = g00 Q, where g00 is the reduced
q
gravity and Q is the total initial flow rate of oil. The stratification frequency is, N = g∂ρ
ρ∂z ,
where g is gravitational acceleration, ρ and z are the ambient fluid density and depth
respectively (Wang and Adams, 2016) (See further details in the Approach chapter). Another
measurable parameter is the slip velocity of dispersed phase relative to that of the continuous
phase. The individual droplet slip velocity us quantifies the difference between the velocities
of the continuous and dispersed phases. It is due to relative density between two phases
(Fabregat et al., 2015). Using B0 and N as repeating variables, the characteristic velocity
U0 = (B0 N )1/4 can be defined for the flow scales (Morton et al., 1956). Socolofsky and
Adams (2005) suggest that multiphase plumes under linearly stratified, quiescent ambient
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Fig. 1.3: Typology for stagnant multiphase plume structure in stratification (adapted from
Chan et al. (2015))
conditions can be classified on the basis of non-dimensional slip velocity (UN ), given by the
ratio of slip velocity (us ) and characteristic velocity (U0 ).

UN =

us
us
=
U0
(B0 N )1/4

(1.1)

where, UN represents the relative independence of the dispersed phase compared to the
continuous phase. Referring to Fig. 1.3, studies found that for values of UN > 2.4 (Type 3),
plumes exhibit continuous detrainment (or peeling), with little or no impact on the rising
droplets . For somewhat slower rising droplets 1.4 < UN < 2.4 (Type 2), the fluid detrains
in discrete intrusions, though still not impacting the droplets , while for UN < 1.4 (Type
1a*), the droplets detrain from the plume (Socolofsky and Adams, 2005). Studies for plumes
with small droplets found that, for the range between 0.3 < UN < 1.4 (Type 1b*), droplets
detrain but do not actually enter the intrusion, while for UN < 0.3, the droplets enter and
are transported within the intrusion (Chan et al., 2015).
A great number of analytical, experimental and numerical works have been dedicated
over the last several decades to configure highly complex behavior of turbulent buoyant
plumes. The earliest research on heated turbulent plume was conducted by Schmidt (1941)
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on single-phase thermal plume. Schmidt (1941) proposed a dimensional model for steady
point and line sources of heat in a uniform and incompressible atmosphere for thermal
plumes. They used mixing-length-type hypotheses to obtain expressions for the mean velocity and temperature profiles for both plane and round geometries. Morton et al. (1956)
forwarded the analysis for point source (maintained and instantaneous) based analysis and
developed non-dimensional macroscopic conservation equations. They proposed the classical model for axisymmetric plumes, specifically for plumes from circular horizontal sources
into quiescent environments. They also provided numerical solutions for mass, momentum
and buoyancy fluxes by assuming that vertical velocity and buoyancy heights are self-similar
in turbulent plumes relying on few approximation. The Boussinesq approximation is one
of their simplification, which assumes that the effect of the density difference between the
plume and the ambient fluids can be ignored except where it is responsible for the existence
of a buoyancy force. By introducing a constant fraction of jet vertical velocity defined as
‘entrainment coefficient (αe )’, they related the plume core to the volume of entrained fluid.
Morton et al. (1956) stated that, the radial entrainment velocity at the edge of the plume
is proportional to the vertical velocity of the plume fluid. Morton and Middleton (1973)
proposed certain characteristic scaled heights for different source conditions to solve the
conservation equations for plumes and fountains rising from area sources of Morton (1959).
A single source flux balance parameter LM greatly assist in elucidating the results of Morton
(1959). The source flux balance parameter as defined by Morton (1959) for the Boussinesq
case is given by,

LM =

5B0 Q20
√
5/2
8αe πM0

(1.2)

where B0 is the source buoyancy flux; Q0 is the source volume flux; M0 is the source
momentum flux under the Boussinesq approximation. The single source flux parameter LM
gives a unique representation of the behaviour of steady plume and enables characterization
of different types of plume. They used this parameter to distinguish four classes of solutions
to the plume conservation equations: fountains (LM < 0), forced plumes (0 < LM <
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Fig. 1.4: Sketch of a single phase plume (left) and a bubble plume (right) in a stratified
environment showing the different characteristic heights: zeq is the neutral density level, zth
is the trapping height, and zmax is the peeling height (Fabregat Tomàs et al., 2016a)
1), pure plumes (LM = 1) and lazy plumes (LM > 1). Source fluxes of buoyancy and
momentum act in opposing directions in fountains. The forced plumes are dominated by
their source momentum flux for heights up to the order of jet length. The pure plumes
maintain a local balance of (inertial and buoyancy) forces that act on the flow formed above
an idealised source of buoyancy. The lazy plumes are regarded as having a deficit of source
momentum flux or, alternatively, an excess of mass flux (non-Boussinesq case) or volume
flux (Boussinesq case) at the source compared with pure plumes (Morton, 1959). Morton
and Middleton (1973) plotted characteristic heights which include the initial rise height for
fountains, a height characterizing the transition from jet-like to plume-like behaviour for
forced plumes and heights corresponding to a maximum velocity and a minimum radius for
lazy plumes. However, the classical approach of plume modeling is inappropriate for finite
sized heat source and greater density differences due to this Boussinesq approximations,
which are essential elements to model turbulent plumes accurately (Fanneløp and Webber,
2003). Rooney and Linden (1996) developed the similarity form of a non-Boussinesq gaseous
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plume based on the experimental work of Ricou and Spalding (1961) among others. Pham
et al. (2007) numerically investigated the characteristics of turbulent thermal plumes in a
quiescent and infinite environment. They used both Direct Numerical Simulation (DNS)
and Large Eddy Simulation (LES) approaches, where the interactions between large and
small-scale structures were compared by filtering DNS data. They concluded that, thermal
instability arising from puffing phenomenon along with vortex concentration in pure thermal
turbulent plumes should be simulated carefully with a very fine grid near the source regions.
Socolofsky et al. (2008) used integral plume models to interpret the flux profiles based on the
similarity assumption and entrainment hypothesis. Van den Bremer and Hunt (2010) have
developed the solutions which are valid universally for both Boussinesq and non-Boussinesq
plumes. Hunt and Van den Bremer (2011) re-explored the foundations of the classical model
of Morton et al. (1956) to describe and contrast the bulk behaviour of rising plumes and
fountains from general area sources. Hunt and Van den Bremer (2011) presented closedform solutions to the ‘plume conservation equations’ by solving the height of the Morton
(1959) non-dimensional flux parameter. Yang et al. (2016) developed and validated a hybrid
LES model for complex bubble-driven buoyant plumes in vertically stratified ambient fluid.
By analyzing LES data, they constructed a new continuous peeling model which is more
compatible with analytical perspectives than the existing model. Dissanayake et al. (2018)
introduced several independent parameters for integral models to characterize more complex
plumes with adequate accuracy. Furthermore, numerical studies were performed on oil
transport from deep-water blowouts to quantify the dynamic properties in the near and far
fields simultaneously (Boufadel et al., 2018; Chen et al., 2018).
Plumes generated from deep sea mining have an impact on the midwater ecosystem.
Environmentally detrimental plumes could be formed at the seafloor where minerals are
collected as well as in the water column where waste is discharged. These plumes would
disperse sediment and dissolved metals in the immediate environment, and eventually over a
greater region of the ocean (Drazen et al., 2020). Rzeznik et al. (2019) performed numerical
study on discharge plumes considering non-uniform stratifications with background vertical
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shear for deep sea nodule mining applications. According to their model, the final depth of
the plume were varied with the change on the initial depth of a sediment source for a regional
model. They compared this variation with a fixed source depth which in turn revealed a
truer picture of final sediment fate. Xiao et al. (2021) have recently studied the transport
properties of bubble plumes in stably stratified weak cross flow using LES approach. A
double plume consisting of rising bubble-water mixture and falling dense water plumes was
simulated. The plume under weak crossflow was tilted towards the downstream which broke
the axisymmetry nature of the plume as well as reduced the turbulent mixing of the two
plumes. Consequently, the vertical velocity increased with the increase in crossflow velocity
due to the reduced contact area between two plumes. They compared both instantaneous
and time averaged bubble plume structures with and without crossflow. Moreover, material
transport properties of the plume due to the combined effect of stable stratification and
weak crossflow on the bubble plume were identified. They noted that, the presence of the
crossflow enhanced vertical spreading of the intrusion layer due to plume’s peeling stability,
falling speed and enhanced mean mass flux from the rising plume to the falling plume.
Fabregat et al. (2015) modeled turbulent thermal, bubble and hybrid plumes in stratified
environment. They identified distinguishing characteristics in single and multiphase plumes
in term of turbulence intensities. The contributions of three different buoyancy sources,
namely, a pure bubble, a pure oil and a hybrid case were compared in stratified environment
and expressed in terms of different characteristic heights of the plume. Fabregat Tomàs
et al. (2016a) observed that, small change in gas volume fraction resulted substantial change
in the dynamics and overall shape of the plume (Fig. 1.4). They noted that, the peeling
heights grow by 3% and 10% for hybrid and bubble cases respectively in comparison to
the single phase case. Similarly, the mean temperature increased as the amount of gas in
the system increased (Fig. 1.5). Fabregat Tomàs et al. (2016a) Comparing the vertical
velocity isosurfaces as shown in Fig. 1.6, they concluded that the addition of a slipping gasphase buoyancy source produced regions of appreciable vertical velocity across the entire
water column. They pointed that, the intensity, downdrafts production as well as negative
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Fig. 1.5: Mean temperature profiles for pure oil (O-1), hybrid (H-1) and pure bubble (B1) case.The characteristics heights zth , zeq , and zmax are represented by horizontal thick
solid, dashed, and dotted lines respectively. Black thin lines correspond to zeq and zmax as
reported by Morton et al. (1956) and the white dashed line corresponds to the average value
for the UN = 0.6 cases in the work of Socolofsky and Adams (2005). (Fabregat Tomàs et al.,
2016a))

Fig. 1.6: Two mean vertical velocity isosurfaces, hwi = 0.1 (red) and hwi = −0.15 (blue) for
pure oil (o-1), hybrid (h-1) and pure bubble (b-1) case. (Fabregat Tomàs et al., 2016a)
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Fig. 1.7: Vertical velocity profiles at r = 0.6 (solid) and r = 1.25 (dashed) for oil (black),
bubble (blue) and hybrid (red) plumes. (Fabregat Tomàs et al., 2016a)
vertical velocity were changed due to the excess potential energy in gas phase. The vertical
velocity profiles were presented at two different radial locations as depicted in Fig. 1.7. The
notable differences were observed at the negative mean velocity regions. This negative mean
velocities were considerably larger for bubble and hybrid plumes compared to oil plumes.
The downward velocity decreased along the edges of the plumes for all the three plume cases
(Fabregat Tomàs et al., 2016a).
In order to model more realistic plume configuration, the turbulent plumes were studied
with combined effect of rotation along with stratification (Fabregat Tomàs et al., 2017).
Fabregat Tomàs et al. (2016b) investigated the effect of earth rotation on thermal plume
in stratified environment. In stratified environment, a significant decrease in maximum
plume height was observed for rotating thermal plumes (Fabregat Tomàs et al., 2016b).
The dynamics of rotating bubble plumes were studied by Fabregat Tomàs et al. (2017)
at different Rossby numbers (Ro) and slip velocities (UN ). The Coriolis parameter and
nondimensional bubble slip velocity were varied, whereas the imposed linear stratification
was constant across experiments. Instantaneous passive scalar fields for bubble plumes at
Ro = 10 are shown in Fig. 1.8 for two slip velocities. The case with the the larger slip
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Fig. 1.8: Vertical slice of instantaneous fields of passive scalar for bubble plumes at Ro = 10
(a) UN = 0.6 and (b) UN = 1.5 (Fabregat Tomàs et al., 2017))
velocity (UN = 1.5) exhibited more pronounced encroaching of the lateral intrusion on the
plume source and higher height of the plume ( Fig. 1.8 (b)).
Fabregat et al. (2017) numerically simulated DwH thermal and bubble plumes with
rotation and compared them with non-rotating plumes. They set the Coriolis parameter
to a time scale for establishing a statistical steady state conditions similar to deepwater
environment. A hybrid plume was also simulated where buoyancy contributions were from
both bubble and oil phases. Snapshot of the hybrid turbulent plume 10 h after initiation is
shown in Fig. 1.9. Fabregat et al. (2017) stated that the maximum rise height of the plume
is roughly 250m which is larger than the classical prediction of Morton et al. (1956). The
mean vertical velocity fields for rotating and non-rotating plumes with thermal and bubble
sources are shown in Fig. 1.10 Fabregat et al. (2017). It revealed that the most obvious
effect of rotation was weakening of the vertical velocities and deflecting the plume towards
sideways in the water column.
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Fig. 1.9: Snapshot of the plume after 10 h. Blue is bubble concentration, gray is oil concentration and color is temperature difference from the bottom temperature. (Fabregat et al.,
2017))
(a)

(b)

Fig. 1.10: Mean vertical velocity for plumes of the buoyancy flux from thermal and bubble
sources at (a) Ro = ∞ and (b) Ro = 10. Modified from Fabregat et al. (2017))
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Plumes generated in two-layered stratified ambient condition are different from continuously stratified ambient. The buoyant plume initially spreads out along the interface
forming an intermediate layer in case of two-layered stratification (Mott and Woods, 2009).
Kumagai (1984) studied a dense plume in two-layered stratified ambient condition adapting
the filling box model. Following Kumagai (1984), Mott and Woods (2009) explored the
mixing phenomena of a turbulent buoyant plume by conducting a series of experiments in
two-layered stratified environment. They introduced a characterizing parameter described
as the ratio of the reduced gravity of the plume just above the interface with respect to the
upper layer ambient to the reduced gravity associated with the upper and lower ambient
layers. Using this characterizing number, Ma (2018) studied turbulent plumes in a two-layer
stratified ambient fluid for both rotating and non-rotating cases.
Recently, Lai et al. (2018) studied the effects of variable density (VD) in turbulent flows
utilizing the extended Karman-Howarth-Monin (K–H–M) equation. The proposed K-H-M
equation predicted turbulent energy transfer for VD flows which was validated by experiment dataset. More recently, a few studies have focused on multiple plume interactions by
developing semi-empirical models, numerical simulations and experimental observations in
both stratified environment and crossflow (Lappa, 2019; Lou et al., 2019). Turbulent plumes
become more complex to study when it is associated with high Reynolds number due to vorticity generation. Vorticity in turbulent flows is characterized by various phenomena, such
as mixing and noise generation. Chen and Bhaganagar (2021) investigated vorticity structures within turbulent plumes at high Reynolds number with the presence of compressibility.
They found a strong effect of vorticity transport with the momentum and energy transfer
within plumes. Their study revealed that, turbulent fluctuations due to vorticity formation
dominated the mixing of plume. They also computed vorticity budget terms from LES simulation to gain insight into the mechanisms of vorticity transport. Their budget analysis
implied that, baroclinic torque, stretching and compression terms contributed to vorticity
transport.
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Internal gravity waves are generated at the interface between two layers of different
densities due to the stratification of the ocean interior (Turner and Turner, 1979). Though
these waves are analogous to the free surface waves, they have much higher amplitude but
much slower than the surface waves. These internal waves can have a significant impact on
the long-term evolution of global climate systems due to it’s effect on transport particles with
its energy (Alexander et al., 2010). Therefore it is required to accurately predict the internal
wave energy flux generated from turbulent buoyant plumes. Ansong and Sutherland (2010)
experimentally studied internal waves generated by convective turbulent buoyant plumes in a
linearly stratified fluid. Fig. 1.11 shows snapshots of a plume as well as the generated internal
waves at about 6s, 7s and 8s. Is was observed that, the waves were appeared around the
plume head at time, t = 6s (Fig. 1.11(b)) and only upward propagating waves are prominent
in the wave field at this time even though the appearance of a downward propagating crest
and trough can be seen to emanate from around the plume cap. More wave beams are
observed in Fig. 1.11(b) (t = 7s) with upward propagating waves still prominent. A
cross-pattern of waves is observed in both Fig.s 1.11(b) and 1.11(c) generated by oscillating
cylinders and spheres. The wave properties and fraction of the energy flux extracted by
internal waves at the intrusion regime from were estimated from their experimental results.
Ezhova et al. (2016) numerically studied internal waves generated due to interactions
between a turbulent jet and a thermocline (thin and thick) in an unconfined stratified
environment. They found that the amplitude of the oscillations grew with the Froude
numbers and both of the spectra (i.e, jet and internal waves) had two peaks at lower Froude
number (F r ≤ 16). The spectra of internal waves had one peak close to the lower peak of
the jet spectra for relatively higher Froude numbers (F r ≥ 16). Moreover, they revealed
the influence of horizontal gravity flow on internal gravity waves by estimating the energy
fluxes as well as energy profiles. Ezhova et al. (2017) extended their study to relate the
plume oscillation frequency with the characteristic frequency of internal waves. They found
that, spectra of internal waves have only one peak close to the maximal buoyancy frequency
of the plume. Bondur et al. (2018) summarized the works performed on internal waves

16

Fig. 1.11: Snapshots of plume (left) and the field of the waves (right) at (a) t ≈ 6.0s,
(a) t ≈ 7.0s and (c) t ≈ 8.0s. For the figures on the right, schematics of the plume are
superimposed to approximately show its position (Ansong and Sutherland, 2010).
generated by vertical turbulent plumes in stratified environment. They provided an insight
on the mechanism for internal waves to be manifested at the surface based on available
experimental data as well as theoretical point of view. More recently, Brandt and Shipley
(2019) performed an experimental study to estimate the energy transfer to the generation
of internal waves by a short duration impulsive, turbulent, stratified forced plume. They
concluded that the general nature of the coupling of the plume energy to the internal wave
field depended primarily on the density of the plume in relation to the ambient stratification.
(Garrett and Munk, 1979; Lecoanet et al., 2015).
Though a lot of experimental studies have been done for plumes, but no experiments
have been performed in stratified environment. So the physics behind the plumes exposed to
stratified environment is still unexplored. Therefore, we are concentrated to model oil plumes
in a stratified environment to gain insight into turbulent mixing characteristics in deep
ocean. As there is no experimental studies available, so the best way to resolve the plume
dynamics in stratified environment is by Direct Numerical Simulations (DNS). Furthermore,
the dynamics of multiphase plumes containing water and oil has taken less attention to
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the researchers than thermal and bubble plumes in stratified environment (Socolofsky and
Adams, 2003, 2005; Socolofsky et al., 2008). In the past years, a few numerical studies
have been performed under stratified condition, where Fabregat et al. (2015) studied pure
thermal, pure bubble and hybrid plumes. The properties of thermal and bubble plumes
with the effect of earth rotation have been discussed by Fabregat Tomàs et al. (2016b)
and Fabregat Tomàs et al. (2017) respectively. Fabregat Tomàs et al. (2016a) numerically
analyzed a hybrid plume where buoyancy sources were active bubble and passive oil phases.
Thus, we wanted to explore the properties and behavior of active oil plumes extensively
in stratified environment for numerous oil slip velocities. As the earth rotation effects are
elaborately discussed by Fabregat et al. (2017); Fabregat Tomàs et al. (2016b, 2017), we
are not accounting the coriolis components in oil plume simulation. Furthermore, the oil
plumes in oceanic environment is commonly stratification dominated rather than crossflow
dominated because of the shallow depth and strong stratification (Socolofsky and Adams,
2002). Therefore we are assuming that there is no crossflow to enhance entrainment in
stratified environment. The slip velocity is included in time dependent velocity fields of the
mixture plume which are solved with density fields to track the movement of turbulent plume
over time using Euler-Euler based multiphase model. A set of continuity and momentum
equations for the mixture is developed by using mixture model. The balance equations
of the individual phases are used to form the mixture components. Additional equations
are developed using temperature and passive scalar (i.e, bubble volume fraction) to obtain a
closed system of equations. The system of equations is then non-dimensionalized by utilizing
two stratification characteristic parameters, buoyancy frequency and buoyancy flux. The
nondimensional transport equations are solved using Spectral Element Method (SEM) code
Nek5000 which allows high-order solutions on complex grids. Moreover, a new aspect of the
computational domain has been introduced to model a more realistic entrance of the plume
into the stratified ocean. In previous models, an amplitude noise was added to the vertical
velocity to facilitate the transition to turbulence in the vicinity of the source (Devenish et al.,
2010; Fabregat Tomàs et al., 2016a; Pham et al., 2007). However, in our model setup, the
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cylindrical domain has been extended to include an inflow pipe to provide sufficient energy
in the flow at the source (Fig. 3.3). The flow is recycled to establish a fully developed region
before exiting of the pipe. To the author knowledge, it is the first oil plume analysis under
stratified condition using this computational domain.
The above discussion implies that, it is now obvious to explore the underlying physics
of multiphase plumes under stratification. Therefore, we propose to analyze the properties
associated with oil plumes in stratified water which will answer the research questions emerging from the multiphase plumes under stratified condition. The plume produced by injecting
a lighter oil phase in stratified water has been modeled using Eulerian-Eulerian reference
frame with Boussinesq approximation. Direct Numerical Simulation has been performed
to quantify the changes in characteristic plume heights and turbulent mixing produced by
buoyancy sources. The characteristics of the multiphase plume will be compared with the
single phase plumes evolve in a thermally stratified environment for varying slip velocities.
The turbulent mixing properties will be analyzed to quantify the stratification effects in
deepwater blowouts. Furthermore internal gravity waves generated by the turbulent plume
will be analyzed in case of thermal and oil plumes. The available numerical and experimental
data will be compared to validate the properties of the oil plume.
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CHAPTER 2
OBJECTIVES

The following objectives are proposed for this work:
1. Development of Eulerian-Eulerian mixture model for transport of oil under Boussinesq
approximation for a buoyant plume in a stratified environment
2. Direct Numerical Simulation of turbulent multiphase plume using Spectral Element
Method based high-order incompressible Navier-Stokes solver
3. Quantify the effect of the slipping oil as additional source of buoyancy for a plume and
compare the following characteristics against pure thermal plume,
i. The growth/evolution
ii. Steady time averaged structures
iii. The turbulence generated
iv. The oil-dispersion and mixing
4. Quantify and analyze the internal gravity waves generated by both oil and thermal
plumes

20

CHAPTER 3
APPROACH

The approach for modeling an oil plume is discussed in the following sections:

3.1

Mixture model density and velocity definitions
Plume consisting of water and oil is a two liquid-liquid component system with slightly

varying density which causes slip velocity of plume particles. The mixture properties are
determined from volume fraction of each component. The equations for modeling mixture
density, velocity and temperature can be written as (Drew and Passman, 2006),

ρm = βρo + (1 − β)ρw

(3.1)

ρm = ρw − β(ρw − ρo )

(3.2)

ρm = ρw − β∆ρ

(3.3)

ρm = ρw (1 − ςβ)

(3.4)

βρo ũo + (1 − β)ρw ũw
ρm

(3.5)

ũm =

τ̃m = β τ̃o + (1 − β)˜w

(3.6)
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Where ũo and ũw are oil and water liquid phase velocity, β is volume fraction of oil and
ς=

∆ρ
ρw

=

ρ̄w −ρ̄o
ρ̄w .

In an oil-water system, the variation in the mixture density with respect to the reference
value ρw is accounted in the term ςβ. The analogous term in a water plume would be written
as ςb αb where the relative density ratio ςb =

ρ̄w −ρ̄b
ρ̄w

≈ 1. Therefore, by setting the maximum

density change to be, let’s say, 10% In an oil plume such condition implies ςβ = 0.1. For
ς = 0.2, the maximum oil volume fraction would then be β=0.5.
The relative velocity of each phase with respect to the mixture can be defined as,

∆ũo = ũo − ũm

(3.7)

∆ũw = ũw − ũm

(3.8)

Then, the relative velocity between the two liquid phases can be defined as:

ũr = ũo − ũw = ∆ũo − ∆ũw

3.2

(3.9)

Governing equations for a multiphase system

3.2.1

General equations

The mass conservation equation for a phase k is,
∂
(αk ρk ) + ∇.(αk ρk ũk ) = 0
∂t

(3.10)

where αk is the phase k volume fraction.
The momentum equation is,
D
(αk ρk ũk ) = −αk ∆p + ∇.αk τ̃k + αk ρk g + Mk
Dt

(3.11)
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where p is the pressure, g is the gravity accleration vector, τk is the diffusion term and
Mk is the momentum transfer term between phases.
In the two liquid phases system with oil (’o’) and water (’w’), the volume fractions are
P
αo ≡ β and αw ≡ (1 − β). Additionally k=o,w Mk = 0

3.2.2

Oil-water model

Using the definitions above, the mixture velocity equation can be written as,

ρm ũm = βρo (ũm + ∆ũo ) + (1 − β)(ũm + ∆ũw )

(3.12)

ρm ũm = (βρo + (1 − β)ρw )ũm + βρo ∆ũo + (1 − β)ρw ∆ũw

(3.13)

0 = βρo ∆ũo + (1 − β)ρw ∆ũw

(3.14)

∆ũw =

βρo
∆ũo
(β − 1)ρw

(3.15)

Using the relative velocity definition, ũr = ũo − ũw = ∆ũo − ∆ũw , a new relation can
be derived,

∆ũo =

(1 − β)ρw
(1 − β)ρw
(1 − β)
ũr =
ũr =
ũr
ρm
ρw − β∆ρ
1 − ςβ

(3.16)

Assuming a constant relative velocity with a only a non-zero component in the vertical
us, i.e. ũr = (0; 0; us ), the mass conservation equation for oil can be written as,
∂β
+ ∇.(ũo β) = 0
∂t

(3.17)

∂β
+ ∇.((ũm + ∆ũo )β) = 0
∂t

(3.18)
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∂β
+ ∇.(ũm β) + ∇.(∆ũo )β) = 0
∂t

(3.19)

∂β
+ ũm ∇β + β∇.ũm + ∇.(∆ũo )β) = 0
∂t

(3.20)

∂β
+ ũm .∇β + β∇.ũm + (∆ũo ).∇β + β∇.∆ũo = 0
∂t

(3.21)

Dβ
= −β∇.ũm − ∆ũo .∇β − β∇.∆ũo
Dt

(3.22)

Dβ
1−β
∂β
β
ς(1 − β) ∂β
= −β∇.ũm −
us
+
[1 −
] us
Dt
1 − ςβ ∂z 1 − ςβ
1 − ςβ ∂z

(3.23)



1 − β(2 − ςβ) ∂β
Dβ
= −β∇.ũm − us
Dt
1 − ςβ(2 − ςβ) ∂z

(3.24)

Dβ
∂β
= −β∇.ũm − Us
Dt
∂z

(3.25)

where the slip velocity is defined as,

Us = us

3.2.3

1 − β(2 − ςβ)
1 − ςβ(2 − ςβ)



(3.26)

Mass conservation for a mixture

The conservation of mass equation for the mixture are expressed by equations 3.27
and 3.28. The equations are derived considering a standard Eulerian-Eulerian, Boussinsesq
model for turbulent multiphase plumes Buscaglia et al. (2002).
∂ρm
+ ∇.ρm ũm = 0
∂t

(3.27)

24

∂ρm
+ ũm .∇ρm + ρm ũm = 0
∂t

(3.28)

Using equation 3.1, the divergence of the mixture velocity field reduces to:

∇.ũm =

Dβ
ς
1 − ςβ Dt



∇.ũm


∂β
1 − β(2 − ςβ)
=−
us
1 − ςβ(2 − ςβ)
∂z

∇.ũm = −Kus

∂β
∂z

(3.29)

(3.30)

(3.31)

For divergence free velocity field, the mass conservation equation for the mixture is,

∇.ũm = 0

(3.32)

Therefore the error is compared with the right hand side of 3.30. In the water plume, with
β << 1 and ς ≈ 1 which can be approximated as, ∇.ũm ≈ −us ∂β
∂z . The fast decay in αb
for a turbulent water plume suggests that the error will rapidly decrease as one moves away
from the very near region where the vertical gradients of volume fraction may by relatively
large.
In an oil plume the inlet value of oil volume fraction can be 5 times larger, but the slip
velocity will be around 20 times smaller. In the end, with a value of K = 0.012 for ς = 0.2
and β = 0.5, the error introduced by solving for a divergence-free mixture velocity field is
smaller than that for the water plume Figure 3.1 However for oil in a mixture model with a
fix slip velocity with respect to water (us = constant) we cannot neglect the contributions
from β in ∆ũo . The oil mass conservation equation is:


Dβ
1 − β(2 − ςβ) ∂β
= −us
Dt
1 − ςβ(2 − ςβ) ∂z

(3.33)
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term with oil volume fraction (β) for various ς

which to leading order in the small parameter  = ςβ reads:
Dβ
∂β
= −us [1 − 2β + (β − 1)]
+ O(2 )
Dt
∂z

(3.34)

Unlike the gas water model where β itself is small, even at zeroth order in , a slipping oil
model where only ςβ is small must include the non-linear term (as shown in Fig. 3.2), which
accounts for the fact that the flux of oil due to slip is zero when β = 0 or β = 1.

3.2.4

Momentum conservation equation

The conservation of momentum equation can be derived from the above general equation
along with oil-water mixture definitions,

∂ρm ũm
βρo
+ ∇.(ρm ũm ũm ) + ∇p̃m = ∇.τ̃m − ρm g − ∇.[βρo (1 −
)u˜r .u˜r ]
∂t
ρm

(3.35)
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The Boussinesq model assumes that the mixture density is equivalent to the water
density of plume (ρm = ρw ) because of the larger volume fraction of water. By approximating
the mixture velocity is equal to water velocity, it is concluded that the only oil is slipping
relative to the mixture and this relative velocity is oil slip velocity in the plume. Substituting
the mixture properties and Boussinesq approximations in the above momentum conservation
equation,

ρw

βρo
∂ ũm
+ ρw ∇.(ũm .ũm ) + ∇P̃m = ∇.τ̃m − ρm g − ∇.[βρo (1 −
)ũr .ũr ]
∂t
ρm

(3.36)

The equation 3.36 can be expressed by the following equation

ρw

Dũm
βρo
= −∇Pm + ∇.τ̃m − ρm g − ∇.[βρo (1 −
)ũr .ũr ]
Dt
ρm

(3.37)
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3.2.5

Equations for the scalars

The mass conservation equation for waters (i.e, passive scalar) in the plumes is,
∂(αρw )
+ ∇.(αρw ũw ) = 0
∂t

(3.38)

The mixture density can be decomposed to the following equation,

ρm = βρo + αρw

(3.39)

This water velocity can be reduced to,

ũw = ũm − Dw

∇α
α

(3.40)

Where Dw is the constant diffusion coefficient for waters. The mass conservation equation
is,
∂α
+ ∇(αũm ) = Dw ∇2 α
∂t

(3.41)

Therefore, the equation for temperature T̃ in the system is,
∂ T̃
+ ∇.(T̃ũm ) = Dθ ∇2 T̃
∂ t̃

(3.42)

Where Dθ is taken to be a constant diffusivity coefficient. The thermally stratified
background temperature can be decomposed with the following equation,

T̃ (x̃, t̃) = θ̃(x̃, t̃) + T̃r + ζ z̃

(3.43)

Where T̃r is the reference state temperature, θ̃(x̃, t̃) is the disturbance with respect to the
unperturbed environment with temperature, T̃e (z̃) = T̃r + ζ z̃ and environmental density
profile, ρe = ρ̄w (1−γw (T̃e − T̃r )) = ρ̄w (1−γw ζ z̃), where ζ is the slope of thermal stratification
and γw is the thermal expansion coefficient of water.
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Therefore equation 3.42 can be written as,
∂θ
+ ∇.(θũm ) = Dθ ∇2 θ − wζ
∂t
3.3

(3.44)

Non-dimensional equations
The water and oil plume in stratified environment is characterized by buoyancy fre-

quency (N ) and inlet buoyancy flux (B0 ) which are later used to derive non-dimensional
equations. The buoyancy frequency is the key parameter describing a stratified fluid increases with the magnitude of the density gradient.Thus the strength of the stratification is
proportional to buoyancy frequency, as is the oscillation of fluid parcels. Since the density
of sea water depends on temperature and salinity which can change the density making the
water column more or less buoyant. For thermally stratified surrounding environment, the
buoyancy flux is measured from virtual potential temperature which is multiplied by the
buoyancy parameter yields a flux that is proportional to buoyancy as expressed in equation
3.43. Thermally stratified background temperature can be determined from the constant
slope ζ with the following equation. The buoyancy frequency and buoyancy flux are then
defined by equation 3.45 and 3.46.
g ∂ρe
(
) = gζγw
ρ̄w ∂ z̃

(3.45)

B0 = g00 Q̃

(3.46)

N2 = −

z=0
In equation 3.17, g00 is reduced gravity which is expressed by g00 = gρ00 = g (ρe −ρ)|
and Q̃
ρ̄w

is the volume flux (i.e, total initial flow rate of oil). The inlet buoyancy flux equation can
be further approximated by equation 3.47,

B0 ≈ g Ãw̃0 b0

(3.47)

Where A = πD2 /4 is the cross sectional area of circular source of diameter D̃, w̃0 is the
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inlet liquid phase velocity and b0 is the total density defect which is expressed by equation
3.48.
b0 = α0 + ςβ0 + γw T̃0 + ξβγw (θ + ζ z̃)

(3.48)

Where, T̃0 ≈ θ0 ,α0 ,β0 are the inlet temperature, gas volume fraction and oil volume
fraction. The parameters ζ and ξ are defined by equations 3.49 and 3.50.
ρ̄w − ρ̄o
ρ̄w

(3.49)

ρ̄o γo − ρ̄w γw
ρ̄w γw

(3.50)

ς=

ξ=

From the definition, it is observed that, ς is the density difference between water and oil
with respect to water and ξ determines the differences in the thermal expansion coefficient
between oil and water. The density perturbation can be written as,
ρ0 =

ρe − ρ
= α + ςβ + γw θ̃ + ξβγw (θ̃ + ζ z̃)
ρ̄w

(3.51)

The system of transport equations 3.25, 3.32, 3.37, 3.41 and 3.44 are non dimensionalized
using the characteristic parameters for stratified plumes which includes velocity (U0 ), time
(t0 ), length (L0 ), volume flux (Q0 ), pressure (P0 ), where
1

U0 = (B0 N ) 4
1

L0 = (B0 /N 3 ) 4
t0 =

1
L0
=
N
U0
1

Q0 = (B0 3 /N 5 ) 4
p0 = ρw U02
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The non-dimensional quantities are,

u=

ũm
U0
us
U0

UN =

w̃
U0

w=

XN =

x
L0

ZN =

z
L0

tN = t =
p=

t̃
t0

pm
p0

The non-dimensional form of the transport equation sets are shown in equation 3.52 to 3.57
The non-dimensional continuity equation,
(3.52)

∇.u = 0
The momentum equation in non-dimensional form,
Du
1 2
2
= −∇p +
∇ u + [Riςβ + θ + ξβ(θ + z)]~k + ∇.[βρ0 (1 − βρ0 )UN
]
Dt
Re

(3.53)

Or
Du
1 2
= −∇p +
∇ u + [Ri(α + ςβ) + θ + ξβ(θ + z)]~k
Dt
Re
+∇.[β(ςβ + γw θ + ξβγw (θ + ζz))(1 − ςβ + γw θ + ξβγw (θ +

Where, the non-dimensional numbers are the Reynolds number, Re =
the Richardson number, Ri =

gL0
U02

1/4

= g/(B0 N 5/4 ).

(3.54)

2
ζz))UN
]

U0 L0
ν

√

=

B0 N
Nν

and
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Mass conservation equation for oil,
Dβ
∂β
= −β∇.u − UN
Dt
∂z

(3.55)

The other equation sets for two scalar quantities, water volume fraction and temperature
perturbations are,
1
Dα
=
∇2 α
Dt
P eb

(3.56)

1
Dθ
=
∇2 θ − w
Dt
P eT

(3.57)

Where, the Peclet number for scalar n, P en =

U0 L0
Dn

√

=

B0 N
N Dn .

The transport equa-

tions 3.52, 3.54, 3.55, 3.56 and 3.57 are solved using Spectral Element Method (SEM) code
Nek5000 which allows high-order solutions on complex grids.

3.4

Simulation parameters and computational domain conditions
The input parameters in numerical simulation are chosen as follows, B0 = 5×10−6 m4 s−3 ,

N = 0.1s−1 , UN = 0.025, Ri ≈ 3700, Re = P em ≈ 7100, D = 0.3 and w0 = 1.5,
which are close to typical experimental conditions. The Morton length scale defined by,
3/4

−1/2

LM = M0 B0

is 0.25 where inlet momentum flux, M0 = (π/4)D2 w02 . The two types of

plumes, (i.e, active and passive oil plume) are set in which B0 is due to the presence of both
oil and temperature difference in active oil plume. On the other hand, B0 is entirely due to
the temperature difference in case of the passive oil plume case.
The computational domain for the plume is consist of a cylinder with equal diameter and
height 10 (aspect ratio 1), which is decomposed into 70400 spectral elements arranged in
35 vertical slabs of 220 elements. Within each element, The solution is approximated with
an N = 7th order Legendre expansion resulting in a total of K · (N + 1)3 ≈ 35 · 106 degrees of freedom. A detail of SEM mesh is shown in Fig. 3.3. The domain is divided into
two regions, inflow pipe and cylindrical outflow respectively. The inflow pipe is modeled
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Fig. 3.3: The computational domain with new inflow setup
to provide a more realistic transition to turbulent plume at the source. Dirichlet boundary
conditions are applied at the outer surface of the pipe. The flow in the pipe is recycled to
fully develop the flow at the cylinder inlet. The cylinder is consisted of three regions to
apply different boundary conditions at each regions. The lateral inner region is unperturbed
computational domain. This inner region is correspond to the region of interest (ROI).
Open boundary conditions are applied at ROI for momentum on the sides which allow the
entrainment of fresh fluid into the domain. The boundary condition applied at the outer ring
of the cylinder is sponge (in the vicinity of open boundary condition)(Fabregat et al., 2015).
Sponge boundary condition facilitates the local Reynolds and Peclet numbers decrease to
damp momentum and scalar perturbations at the outer boundary without altering results
within ROI. Therefore numerical stability is established due to the smooth fluctuation in
the outside of cylinder. The top region of the cylinder has boundary conditions similar to
lateral boundary. So this region has no shear for the momentum and zero derivative for the
scalars. As a result, imposed open boundary conditions allow dynamic outflow at the top
of the cylinder.
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CHAPTER 4
RESULTS

Addition of slipping oil as a buoyancy source results in appreciable effect on plume
structure, turbulence and mixing, compared to a pure thermal plume. This section explains
the analysis and comparison of simulation results between the oil and thermal plumes.

4.1

Structure of the Plume
Plumes with the specified inlet momentum and buoyancy fluxes are simulated for both

the passive and active oil plume cases to analyze it’s dynamic behavior under stratification.
The snapshots of velocity magnitude and temperature difference fields are shown in Fig.
4.1, and Fig. 4.2 respectively for thermal and oil plume cases. The left panel of Fig. 4.1
shows the velocity magnitude for thermal plume where oil volume fraction is a passive scalar.
The right panel is the velocity magnitude field for active oil plume where both temperature
difference and oil are contributing as buoyancy sources.
In the single-phase thermal plume, velocity magnitude field exhibits a classic shape
with intense velocities at the center, an overshoot and a lateral penetration at the intrusion

Z

Z

X

X

Fig. 4.1: Velocity magnitude field for passive (left) and active (right) oil plume.
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Fig. 4.2: Temperature difference with respect to ambient temperature for passive (left) and
active (right) oil plume.
level where the total buoyancy readily mixes with the environment (Fig. 4.1, left). The
addition of a slipping oil increases the height above the neutral buoyancy level (i.e, peeling
height) compared to the thermal plume as shown in the right panels of the Fig. 4.1. The
maximum velocity is at the core and gradually decreases at the radial direction as the plume
rises. The distinguishable velocity is observed at the top region of the two plumes. Velocity
magnitude follows a pattern in single phase plume. On the other hand, random change in
velocity is observed above the oil plume overshoot region. Therefore active oil plume case
has a potential to enhance turbulent mixing near the top edges. The field of temperature
difference with respect to the ambient temperature is shown in Fig. 4.2 corresponding to
the passive (thermal) plume (left panel) and active (thermal + oil) plume (right panel).
Maximum temperature difference is at the center region near the source for both of plumes
and gradually decrease away from the source. The core region of maximum temperature is
larger in thermal plume compared to the active oil plume. In contrast to the thermal plume,
the temperature at the top of the active oil plume goes slightly below the background
environment (right panel of Fig. 4.2). Therefore top regions of the plumes with distinct
temperature field exhibit a visible difference between single and multiphase plumes.
The oil volume fraction (β) for the two cases are shown in Fig. 4.3 and 4.4 at equidistant
heights from neutral buoyancy level to it’s highest computational height. The oil concentration is maximum surrounding the plume core corresponding to the height at neutral
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Fig. 4.3: Passive plume oil volume fraction (β) at z = 4 (top left), z = 5.87 (top right),
z = 7.74 (bottom left) and z = 9.6 (bottom right).

Fig. 4.4: Active plume oil volume fraction (β) at z = 3 (top left), z = 5.2 (top right), z = 7.4
(bottom left) and z = 9.6 (bottom right).
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Fig. 4.5: Oil volume fraction (β) in passive oil plume at time ∼ 225 (left) and active oil
plume at time ∼ 369 (right).
buoyancy level (top left panel of Fig. 4.3 and 4.4). Oil volume fraction gradually decreased
above the neutral buoyancy layer for both active and passive oil plume cases (top right panel
of Fig. 4.3 and bottom left and right panel of 4.4). Oil concentration gradually decreased
in the radial direction while the growth of the plume towards the vertical direction. Comparing passive and active oil plume, it is observed that the oil concentration is uniformly
distributed towards the radial direction in thermal plume at all height levels. On the other
hand, slip velocity of oil caused nonuniform oil concentration towards radial direction at
neutral buoyancy level and uniformity increases with height.

4.2

Plume growth and evolution
The growth/evolution of plumes are comparable for the presence of slipping oil as an

active source of buoyancy with passive oil plume. The instantaneous fields of the two plumes
are shown in Fig. 4.5.
The maximum oil concentration is located in the core region of plume near the source
and this quantity gradually decreases towards the plume heights. The lateral intrusion height
is for oil and thermal plumes are comparable. It is observed from Fig. 4.5 that intrusion
height for thermal plume is ∼ 3.1 and this height is ∼ 2.3 for active oil plume. The thick
intrusion layer indicates continuous detrainment of the oil in both cases. It is also observed
from the simulation instance that, the passive oil plume exhibits uniform concentration
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Fig. 4.6: Active oil Plume isosurfaces for β = 0.0002 : Passive oil plume at time ∼ 225 (left)
Active oil plume at time ∼ 369 (right).
within lateral intrusion. On contrary, the oil concentration is nonuniform in active oil plume
and this concentration discrepancy increases with the height of the plume. The lateral
intrusion grows almost uninterruptedly in case of thermal plume. On the other hand, the
lateral intrusion attenuates with the growth of the active oil plume. The isosurfaces for oil
volume fraction (β = 0.0002) are shown in Fig. 4.6 for passive oil plume (left panel) and
active oil plume (right panel). The isosurfaces illustrate the distinction between passive and
active oil plume at the intrusion layer. Oil concentration is homogeneous in the thermal
plume. Unlike the thermal plume, oil volume fraction is not evenly distributed at the top
region of the plumewithin the intrusion layer than the active oil plume.
Plume growth rates are figured out to understand the role of oil concentration in growth
of passive and active oil Plumes. The top heights are plotted with time to compute the
growth rate of the plumes as shown in Fig. 4.7. For both cases, oil volume fraction increases
linearly over time which indicates a positive slip velocity of oil in both plumes. The growth
rate for thermal plume is approximated by plotting a linear fit curve along simulation data.
The growth rate obtained from linear fit is 0.02468 which is approximately equal to the oil
slip velocity (i.e., oil slip velocity ≈ 0.025) in case of thermal plume. However the growth
rate of oil fraction in active oil plume is 0.029 which is pretty higher than oil slip velocity.
Another observation can be made by comparing the center of mass height for both plumes.
Tracking the heights of center of mass, it is plotted with time as shown in Fig. 4.8 for both
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Fig. 4.7: Plume top height variation with time (a) Passive oil Plume, (b) Active oil plume.
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Fig. 4.8: Center of mass height variation with time (a) Passive oil Plume, (b) Active oil
plume.
thermal and oil plume case. The growth of center of mass for thermal plume is almost linear
but with a slower rate (slope = 0.015) than top height of the plume. On the contrary, the
active oil center of mass height fluctuates over time though it has an overall increase. The
growth rate of active oil plume is approximated by a linear fit curve along simulation data.
This growth rate is slightly higher (slope = 0.0155) than the passive oil plume.
The growth of scalar plumes are also comparable in thermal and active oil plume cases.
The scalar plumes are consist of volume fraction of water or thermal quantities. The scalar
fields in plumes are found to keep oscillate and do not grow beyond a point for the both
thermal and active oil cases. The instantaneous slices of scalar (water) plume is shown in
Fig. 4.9.
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Fig. 4.9: Scalar (water) Plumes: Passive oil plume at time ∼ 225 (left) Active oil plume at
time ∼ 369 (right).
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Fig. 4.10: Scalar (water) Plume isosurfaces for α = 0.1: Passive oil plume at time ∼ 225
(left) Active oil plume at time ∼ 369 (right).
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The volume fraction of water is shown at time ∼ 225 for passive oil plume (left) and
active oil plume at time ∼ 369 (right). The slipping oil decreases the vertical extent of the
plume core while increases mixing in the near field. Consequently, the active oil plume results
in significantly lower and thicker intrusion layers and higher instantaneous concentrations of
plume. Thus the active oil plume exhibits pronounced encroaching of the lateral intrusion
than the thermal plume. The isosurfaces for scalar (water) plumes are shown in Fig. 4.9
for water volume fraction, α = 0.1. The thermal plume is shown in the left panel at time
time ∼ 225 and oil plume is shown at the right panel at time ∼ 369. It is observed from the
Fig. 4.10 that the region at the top of oil plume has more concentration in active oil plume
case. Subsequently the oil plume demonstrates thicker intrusion layer than the passive oil
plume.

4.3

Averaged plume structure and TKE analysis
The plume structure has been analyzed and compared between thermal and oil plumes

using time-averaged quantities, once the plumes have reached a statistically steady state.
The time-averaged quantities were then azimuthal-averaged. Plume characteristic parameters such as peeling height, trapping height, intrusion layer, inertial overshoot region etc.
will be computed from the averaged results. The instantaneous quantities for velocities
(ũ, ṽ, w̃), pressure (p̃), temperature fluctuation (θ̃) and oil volume fraction (β̃) in cylindrical
polar coordinate (r, φ, z) were decomposed into Reynolds averaged and fluctuating quantities that reads, ũ(r, z, t) = hui(r, z) + u0 (r, z, t). The Reynolds averaged quatities h.i denote
combined time and azimuthal averaged data (hui, hvi, hwi, hβi, hθi, hpietc.) as follows,
Z

2π

Z

hui(r, z) =

∆t

ũ(r, φ, z, t) dt dφ
0

(4.1)

0

We have plotted time and azimuthal averaged velocity magnitude and temperature perturbation in Fig. 4.11 for the thermal plume. The t.k.e of the thermal plume is shown in Fig.
4.11 (right panel). It is observed that the maximum t.k.e distribution is at the center of the
plume and decreased towards the radial direction.
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Fig. 4.11: Averaged velocity magnitude (left) and temperature perturbation (center) for the
thermal plume; turbulence kinetic energy (tke) within the thermal plume (right).
The time averaged oil volume fraction, buoyancy and momentum fluxes will be calculated at different locations of the plume to identify the stratification effects coupling with
slip velocity. The radial and vertical profiles of turbulent kinetic energy (TKE) will be
evaluated to quantify the turbulence produced in the plume, where TKE is defined as,
hki = 21 hw0 w0 i. Here, the instantaneous velocity is decomposed into Reynolds averaged and
fluctuating quantities (i.e, w̃ = hwi + w0 ). TKE for the thermal plume has been plotted in
Fig. 4.11.
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CHAPTER 5
DISCUSSIONS, CONCLUSIONS AND FUTURE ANALYSIS

The present work introduces a multiphase model to completely understand the dynamics
of oil plume for use in the deep ocean. The turbulence resolving numerical simulations are
performed to examine the turbulent mixing and it’s evolution. The structure and growth of
plumes evolving in stably stratified environments are found to be strongly affected by the
presence of slipping oil in the plume. The contribution of additional buoyancy source from
oil plume is then compared with the thermal plume utilizing simulation results.
We have implemented an inflow of the plume through a pipe in this numerical study.
This new boundary provides a more realistic transition to turbulence at the plume source.
The height obtained from the new inflow gives the top height of scalar plume for thermal
case ∼ 4.3. This height is comparable with the no-pipe inflow presented by Fabregat Tomàs
et al. (2016b) which was ∼ 4.1 as shown in Fig. 5.1.
The instantaneous fields of for velocity and temperature are analyzed for oil plume
cases and compared with the thermal plumes. Comparing the velocity fields it is observed
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Fig. 5.1: Comparison between no-pipe case obtained from Fabregat Tomàs et al. (2016b)
(left) and the pipe case (right)
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that, the presence of slipping oil increases the height above the neutral buoyancy level. The
velocity vector field also showed a random change in velocity direction in active oil plume.
The temperature difference with respect to the ambient exhibits temperature difference is
much higher in active oil plume case compared to the thermal case.
The growth/evolution of the active oil plume is comparable with the thermal plume.
This study reveals that the presence of slipping oil causes significant difference in dynamics
of the plume. The heights of plume top and center of mass grow faster in active oil plume
compared to the thermal plumes. The intrusion layer is thicker and pronounced mixing is
found in active oil plume case. Overall, slipping oil changes the shape of plume along with
it’s mixing phenomena.
The instantaneous quantities are decomposed to the Reynolds averaged quantities. The
plume structure has been analyzed by plotting averaged velocity and temperature field for
the thermal plume. The turbulent kinetic kinetic energy is calculated and plotted to quantify
the turbulence produced in the plume.
The plume will be further investigated to find the standard mixing length which are
correlated with the eddy-diffusivity. Together with, the Reynolds stresses will also be estimated to understand the effect of nonlinear turbulent mixing. Turbulent kinetic energy
budget is another mechanism to analyze theturbulence generated in the plume. Therefore we
will compare the contributions from of different budgeting terms in TKE budget equation.
The goal of the present work is to understand and quantify basic physical properties
of plumes in the context of DwH blowout driven by buoyancy flux. Thousands of tons
of liquid oil and natural gas were released into the Gulf of Mexico at 1,500 m depth due
to the explosion (McNutt et al., 2012). This complex phenomenon is analyzed by utilizing
turbulence resolving simulations. This fills a significant gap in our present knowledge of deep
spills, specifically the role played by the oil in increasing the turbulent mixing. The DwH
blowout involved both oil and gas escaping from the well head (McNutt et al., 2011). As a
first step, we isolated the effect of oil on the turbulence by considering idealized situations
where admittedly important physicochemical phenomena (hydrate formation, dissolution
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or biodegradation) are neglected and the input buoyancy is due solely to thermal and oil
contributions. We explored distinctions in the turbulent behavior of plumes produced by oil
buoyancy contribution to the thermal buoyancy contributions. Moreover, to our knowledge
there are no experimental observations of the combined effects of thermal and oil sources.
Laboratory experiments of bubble and oil plumes face a number of challenges. Usually the
tank size is limited in the vertical direction and the reflection of the plume from the upper
boundary can change the flow field significantly. Due to box-filling problems, limited tank
size necessarily limits both the inlet oil flux and the overall time scales of experiments. To
attain flows that are highly turbulent, nozzle sizes used in the laboratory are typically on the
order of a few millimeters. Even then, the observation period for measurements is typically
minutes (Brandvik et al., 2013; Johansen et al., 2013). Also the experiments are conducted in
uniform environment whereas the ocean ambient is stratified. It is unclear how representative
plumes from such small nozzles are for the real oceanic case. Therefore the proposed model
and DNS studies allow direct exploration of for a wide range of oceanographic multiphase
plume problems. Starting from the conservation equations for multiphase systems, following
Drew and Passman (2006), we derive a simplified, Boussinesq model by neglecting the
momentum carried by the oil which is much smaller than that of the water. Accordingly, we
argue that the most relevant parameter in the first order physics of dispersed oil is the slip
velocity of the oil relative to the water. Incorporation of slip velocity along with buoyancy
contribution provides much insight on the plume growth and evolution. Here we simply set
this parameter to a constant value consistent with that reported in numerical simulations
(Fabregat Tomàs et al., 2016a) and estimations of the rise velocity for oil during the DwH
spill (Socolofsky and Adams, 2005). Therefore, the proposed model and simulation have
the potential to bridge the gap between idealized laboratory, and the real behavior in a
dynamical ocean. Further analysis from this simulation results are recommended as future
work. The azimuthal averaged vertical velocity and scalar profiles for active and passive oil
plumes can be analyzed at different plume heights. Fabregat Tomàs et al. (2016a) observed
that the plume driven by a non-slipping oil phase is analogous to a single phase buoyant
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plume in a stratified environment. Therefore the contribution of slipping oil in the plume
can be investigated utilizing the averaged velocity and scalar field profiles in both vertical
and radial directions. In addition, it would be more interesting to know the effect of a
different slip velocity. I would recommend to simulate the active oil plume for different slip
velocities to understand what plume parameters changes with the change in slip velocity.
TKE budget would be another important investigation in conjunction with the current
analysis. The nonlinear turbulent mixing can be analyzed by Reynolds stresses. A context
to calculate TKE budget terms and Reynolds stresses is provided in A.1. Internal gravity
waves are generated by the interaction between the plume head and stratified background
environment. Therefore IGW propagation would be another considerable future analysis for
oil plumes in oceanic environment and explained in detail at A.2.
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APPENDIX A
FUTURE WORKS

A.1

Turbulence and mixing properties in plumes
From the analysis of TKE profiles at different vertical and radial positions, the lo-

cation of the maximum TKE will be identified. The turbulent transport at the very top
of the oil plume will be plotted to identify the potential of plume to create a secondary
intrusion. The mean gradients of two active scalars,

∂hβi
∂z

and

∂hθi
∂z

respectively will be ob-

served near the peeling height. The standard mixing length will be estimated by quantities
∂θ
hθ0 w0 i and hβ 0 w0 i which are correlated with the eddy-diffusivity kT (i.e, hθ0 w0 i = −kT θ ∂z

and hβ 0 w0 i = −kT β ∂β
∂z ) The Reynolds stresses will be observed to understand the effect of
nonlinear turbulent mixing. The TKE and Reynolds stresses (hu0 w0 i) distribution will reflect the contribution of oil volume fraction in conjunction with slip velocity on turbulent
mixing in plume. TKE budget is another mechanism by which the influence of slip velocity
on turbulence generation can be explained. By comparing contribution of different terms
in TKE budget from equation A.1 will be sufficient to express the role of slip velocity on
turbulent flow under stratification.

hui

∂hki
∂hki
∂hui
∂hui
∂hwi
2 ∂hui
+ hwi
= −h(u0 ) i
− hu0 w0 i
− hu0 w0 i
− h(w0 )2 i
∂r
∂z
∂r
∂z
∂r
∂z
hui 0 2
−
h(v ) i + Riθ hwθi + Rio hwβi + Rib hwαi −  − ω
r

(A.1)

where  stands for dissipation and ω accounts for turbulent diffusion and pressure strain
∂hki
terms, hui ∂hki
∂r and hwi ∂z are advection terms, Riθ hwθi, Rio hwβi and Rib hwαi are terms

due to buoyancy sources present and the remaining terms denote the rate of turbulent energy
production (Fabregat et al., 2015).
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A.2

Quantification of internal gravity waves
Internal gravity waves will be analyzed by using Fourier-Bessel decompose of the signal

from time series data. Ansong and Sutherland (2010) explained the motion of small amplitude axisymmetric internal gravity waves in an inviscid and incompressible fluid. Seeking
solutions of the streamfunctions as well as the displacement field, they defined a wavenumber
k for a given vertical wavenumber kz and the frequency ω that satisfies the streanfunctions
in z and t in a periodic manner,
ω2 = N 2

k2
kz2 + k 2

(A.2)

The displacement field for 0 ≤ r ≤ R and time T1 ≤ t ≤ T2 is presented as,

η(r, z, t) =

XX 1
n

m

2

Aηnm J0 (kn r)ei(kz z−ωm t) + CC,

(A.3)

where Aηnm is the amplitude of the component of vertical displacement field with frequency
ωm = mω0 with ω0 = 2π/(T2 − T1 ), radial ’wavenumber’ kn = an /R and an are the zeros of
J0 , kz is determined from kn and ωm using equation A.2, J0 is the Bessel function of first
kind and order zero and CC denotes complex conjugates. The time averaged total vertical
energy flux can be computed using Bessel series,
ZZ
Fwave =

XX
|Aηnm |2 J12 an
1
hw0 p0 idA = πR2 ρ0 N 3
cosΘm sin2Θ
4
kn
n m

(A.4)

where J1 is the Bessel function of first kind and first order and Θm is the angle of propagation
of each wave beam with respect to vertical satisfying,
Θm = cos−1 (

ωm
)
N

(A.5)

